Vocalization is an important component of male reproductive behaviour in a wide range of animal taxa. In some species there is considerable intraspeci®c variation of call characters partitioned on a regional basis. Such`regional accents' could originate from cultural or genetic evolution and have been widely studied in birds. Amphibians, however, have limited learning abilities, and where regional accents occur in this group they are primarily a consequence of genetic evolution. This raises the possibility that regional variations in anuran call characters might be informative about phylogeographic history. Microsatellite studies of the pool frog Rana lessonae have been used previously to infer patterns of post-glacial colonization in Europe, with unexpectedly complex implications for northernmost populations of this species. Therefore, regional variation in call characters of the pool frog was quanti®ed and the pattern observed was concordant with the differentiation of a distinct northern clade as implied by the microsatellite study. We therefore conclude that regional accents in this amphibian are useful phylogeographic indicators of distribution history.
INTRODUCTION
Vocalization is a striking behavioural feature, particularly during the breeding season, of many types of animals. Among vertebrates, advertisement calls by males are widespread in mammals, birds and amphibians (e.g. Welch, Semlitsch & Gerhardt, 1998; Doutrelant et al., 2000) . Moreover, vocalization patterns in some taxa vary intraspeci®cally as a function of geographical distribution (e.g. Marler & Tamura, 1962) . In warblers Phylloscopus trochiloides, variation in song structure across their biogeographical range in Asia correlates with molecular genetic differentiation (Irwin, Bensch & Price, 2001 ), but such concordance is not general in birds. In these highly mobile animals, horizontal transfer of information between unrelated individuals is widespread, and is the main mechanism for sustaining regional accents when migrants move into a region from distant areas where different dialects predominate (Balban, 1988; Lougheed & Handford, 1992; Wright & Wilkinson, 2001) . Anuran amphibians have both lower learning abilities and lower individual mobilities than birds or mammals, and it is generally accepted that call characters are inherited directly rather than transferred culturally in this group. Regional intraspeci®c variations in call characters have been recognized in several species of anurans (e.g. Littlejohn & Roberts, 1975; Ryan & Wilczynski, 1988) and in some species these correlate with genetic differentiation at neutral loci (Ryan, Rand & Weigt, 1996) . Dialects may arise as a result of selection, for instance where acoustic conditions differ between habitat types (Ryan & Wilczynski, 1991) , or for other reasons related to genetic drift that could include biogeographical range expansions followed by local population isolation. We hypothesized that in the latter situation the distribution of frog dialects should retain information about phylogeographic history of a kind comparable with that seen in neutral genetic markers.
To test this hypothesis call variation was investigated in the pool frog Rana lessonae, a species that is widespread across much of Europe and for which a phylogeographic history based on variation at six microsatellite loci has already been inferred (Zeisset & Beebee, 2001) . A further interest in this species arises from its uncertain status within the U.K. (Snell, 1994) , and from whether a population that has recently become extinct in Norfolk represented native stock or the descendants of introductions by humans. As far as we know there have been no previous reports of comparative phylogeography using this combination of quantitative trait and microsatellite markers.
METHODS
Recordings of male R. lessonae advertisement calls were made at the margins of breeding ponds at localities in France, the Netherlands, Poland, Hungary, Norway and Sweden (Fig. 1 A.) . Previous studies based on a range of characters including call duration and pulse group features successfully separated R. lessonae from the morphologically very similar R. bergeri, but did not ®nd regional differences in R. lessonae calls (Sinsch & Schneider, 1996) . A numerical approach was therefore developed based on the Fourier transformations of repeating subunits, previously referred to as pulses (Wycherley, Beebee & Doran, 2001) , from digitally sampled R. lessonae calls. Analyses were carried out using the data visualization environment IDL 1 (Research Systems Inc., Boulder, U.S.A.) and a set of custom-written procedures. The time series data, consisting of between 50 and 300 points for a typical subunit, were well modelled by a sum of damped sinusoids. Analyses in the frequency domain following Fourier transformation invariably revealed 2 major peaks and the parameters used in our subsequent statistical treatment were the peak frequencies (2 variables), relative amplitude of the minor to the major peak (1 variable), and the widths at half maximum heights of the 2 peaks (2 variables). The latter quantity corresponds to the decay rate of the sinusoidal component in the temporal domain. The number of subunits (pulses) per call was included as a sixth tF yherleyD F horn nd F tF gF feeee 480 variable. Between 5 and 17 different calls at each site, mostly representing different frogs to minimize possible bias from male size effects (Radwan & Schneider, 1988) , were used as individual datum points and mean values from 8 randomly chosen subunits per call were used to obtain the variable measurements for each call. Sample size was limited by the numbers of high quality calls with minimal background interference. All data were checked for normal distribution of residuals before linear discriminant analysis and hierarchical cluster analysis using the SPSS software package. All data were normally distributed and no transformations were required. Discriminant factors were derived from within group correlations between variables. Cluster analysis used squared Euclidean distances and average linkage between groups. Some frog call characteristics are temperature sensitive (Schneider & Sinsch, 1999) , so temperature effects on our variables were tested for using recordings made over the range 16±21.5 8C. Only the higher amplitude peak frequency showed a signi®-cant temperature relationship and this was weak (63 Hz/8C). Before subsequent analysis, measurements of this variable from most of the recording sites were compensated to a 20 8C standard, using our temperature calibration. The Norfolk and Estonia frog calls could not, however, be compensated because the ambient temperatures were not taken when they were recorded. Only the long calls used for advertisement, rather than the shorter ones occasionally used in territorial behaviour (Radawan & Schneider, 1988) , were included in the analyses. Calls from each site were pooled separately to generate population means, and populations were analysed independently and after pooling into larger groups. This pooling was carried out to minimize the noise effects of the variable backgrounds from recordings at the different sites, and to make the comparative sample sizes more robust. Data from Estonia, Norway and Sweden therefore became the`northern group', those from Poland and Hungary the`central group', and those from France and the Netherlands thè western group'.
RESULTS
Discriminant analysis showed highly signi®cant differentiation of the call character variables in all pairwise comparisons of populations, and in all pairwise comparisons of pooled population groups. A sample of these comparisons, highlighting the Norfolk population, is shown in Table 1 . A separate analysis carried out without making temperature compensations obtained identical results.
The Norfolk data (Fig. 2) were used to make an independent assessment of the phylogenetic relationships of this extinct population. It was notable that differentiation into distinct populations or groups was often achieved using only a small subset of the six available variables (see degrees of freedom in Table 1 ). Classi®cation success as judged by the correct allocation of each sampled call into its true population or group of origin varied from 58.5% to 100% (mean 78.8%; Table 2 ). By our criteria, regional accents were therefore discernible in R. lessonae. Differences in call variables among population groups are summarized in Table 3 .
However, although robustly separable it was also possible to detect relationships between pool frog 481 Frog calls and phylogeography populations based on the call character analyses. The ®rst three canonical discriminant functions accounted for 100% of the variance in our test variables. Two combinations of canonical score factor plots are shown in Fig. 3 . In both of these combinations, overlaps between the factor clusters suggested that Norfolk frogs were more similar to northern group frogs than to any others. The pooled data sets were also used for hierarchical cluster analysis and the resulting dendrogram is shown in Fig. 4 . Cluster analysis summarized the relationships among populations based on the call characters more clearly than the discriminant function plots. Call character analysis, similar to that based on microsatellite allele frequencies, inferred the existence of a deep phylogeographic split between frogs in the isolated northerly populations of Britain and Scandinavia and the larger and much more widespread populations of mainland Europe.
DISCUSSION
In this study we have shown that call characters in an amphibian can be used in a manner comparable with neutral genetic loci to make phylogeographic inferences. A previous microsatellite study of the same species (Zeisset & Beebee, 2001 ) strongly suggested the existence of a distinct northern clade of R. lessonae with a range restricted to Scandinavia and Britain, and which may derive from survivors of a population bottleneck during the Younger Dryas cooling about 11 000 years p.
Call characters in R. lessonae varied signi®cantly and systematically between populations sampled across the biogeographical range, and also indicated the existence of a distinct northern clade including the recently extinct British population. Habitat selection by R. lessonae is broadly similar across the whole range (Sjogren-Gulve, 1994; Holenweg & Reyer, 2000) and habitat-induced selection is therefore unlikely to account for call character differentiation. There is also no indication that mean individual sizes of R. lessonae vary systematically across the range. Therefore both the microsatellite and the call character analyses are compatible with a post-glacial colonization pattern of R. lessonae that generated a morphologically and genetically distinct clade at the northern range edge.
This study therefore also provides further evidence (Gleed-Owen, 2000; Zeisset & Beebee, 2001 ) that the recently extinct population of R. lessonae in Norfolk was more likely to have been native than descended from recent introductions. Documented translocations of R. lessonae into England took place during the nineteenth century but all were from west European countries (Smith, 1951) . Norfolk pool frogs had call characters as well as microsatellite genotypes that placed them close to extant Scandinavian populations. There is no evidence that pool frogs have ever been introduced into Britain from Scandinavian sources, an inherently unlikely prospect because R. lessonae has probably always been very rare in those countries (Sjogren, 1991 Time (ms) Fig. 2 . Oscillogram of the mating call of R. lessonae from Norfolk. made during the 1980s shortly before their extinction, were available for comparative analysis. Therefore another conclusion from this work is that archived sound recordings can be valuable as a source of otherwise unretrievable historical information in a manner comparable to museum specimens for DNA analyses. Frog calls and phylogeography 
